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PREFACE 


The  conoideticm  of  the  Color  Head  Down  Di^lay  program  dqpended  on  the  ooopetaiion 
of  a  number  of  individuals  at  the  David  Samofif  Research  Center  (SanxrfI).  TFT  active  matrix 
and  imegcated  CMOS  scanner  design,  fabricatioD,  device  characterization,  and  electrical  testing 
activities  were  ciq>ably  handled  by  Alfined  C  Ipii,  Dilip  K.  Pancholy,  David  A.  Furst,  S.  N.  Lee, 
Jeff  Via,  Qizegotz  Kaganowicz,  Brian  W.  Faug^inan,  and  Jdm  Valochovic.  Hrank  P.  Cuomo  and 
Thomas  L.  Clock  skillfully  assembled,  filled,  and  sealed  some  of  the  early  finished  di^lay 
devices.  David  L.  Jose  established  the  system  architecture  and  design  for  tiie  video  interface 
etectraucs  and  color-sequential  backlight  The  system  integration,  board  layout  and 
oonstructicxt  was  coordinated  by  Jacob  P.Hasili. 

The  silicon  transfer  programs  depended  <m  the  coqperatimi  and  technical  assistance  ctf  N. 
Cheong,  D.  Leber,  S.  Leary,  and  R.  Mcxriscni  at  Kqpin  and  J.  Valachovic,  F.  Cuomo,  J.  Hasili, 
and  J.  Via  at  Samoff.  The  insight  and  support  provided  by  Dr.  J.  Fan  and  Mr.  J.  Jacobsoi  is  also 
gratefully  acknowledged.  This  wmk  was  suppmted  by  tiie  Defense  Advanced  Research  Projects 
Agency  through  Wii^t  Laboratory,  Wright  Patterson  Air  Force  Base. 

Program  Manager  was  Roger  G.  Stewart;  Allpii  and  David  Jose  won  tiie  Princ^ 
investigatcxs  for  the  two  parts  of  tiiis  contract  The  contract  was  monitored  initially  by  Jt^ 
Coonrod  and  later  by  Robert  Michaels  of  tiie  Codqiit  Directorare  (AFWAL/KID),  whose 
support  and  advice  were  very  helpful. 


1.  CHDD  SUMMARY 


llie  primiry  god  of  this  oootract  was  to  produce  a  laig&«ta  polysilkxn  active  nuorix 
Hquidciystd  dbiday  (AMLCD). 

Over  die  put  4  yean  of  dus  contract,  the  cost  of  polyalicoD  AMLCD  jdate  processing  has 
lequhed  a  3  mOiioQ  dollar  captd  expenditure  and  8  mfllkn  dollars  in  (^etatiiig  costs.  Thii^ 
percent  of  diis  operating  cost  was  funded  under  dus  contract,  and  70  percent  was  covered  by 
coomiercid  custooKn  and  SariK^  mtenid  funding.  During  dais  period,  we  ha>w  had  fewer  than 
12  fuQ-time  siqjport  staff  sqiporting  diis  effort  and  an  eoqjienditure  rate  of  2  milliMi  ddlan  a  year. 

We  have  karned  from  dus  experience,  that  a  successful  AMLCD  fabricatiwi  facility  will 
require  a  20  to  lOO-million  ddlar  inveronent,  50  to  100  fuU-time  staff  and  an  ejqaenditure  rate  of  S 
to  10  millioo  a  year  to  maintain  a  constant  througlqHit  from  die  facility. 

The  inability  to  produce  a  fully  fiincdonal,  defect-free  Color  Head  Down  Di^lay  also 
indicaiBS  diat  it  is  better  to  have  a  siiaplified  di^lay  deagn  radier  dian  rely  upon  redundancy  to 
overcome  the  defects. 

There  were  dnee  remaining  problems  widi  die  color-sequoitial  grayscale  diqilay  system: 

Hist,  die  reduced  contrast  ratio  of  17:1  was  primarily  influenced  tty  pixel  leakage 
and  the  condnned  disclinations  and  boundary  effects  in  each  celL 

Second,  die  cokir  of  die  color-sequential  syston  is  desamrated  due  to  pbosphOT 
enrissioo  persistence  of  the  backlight  lamps,  the  delay  in  the  liquid  crystal  re^nse. 
die  aforementioned  reduced  contrast  ratio,  and  the  diarge  redistributkin  of  die  pixel 
cqiacitance  as  it  is  sequenced  daough  die  three  different  color  fields. 

The  thud  problem  is  the  image  artifacts  due  to  die  variability  of  die  demultiplexing 
of  the  input  data. 
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2.  INTRODUCTION  AND  ACCOMPLISHMENTS 


2.1.  BACKGROUND 

The  David  Samoff  Reseaich  Ceiuer  (SanK^  Itts  played  a  significant  historical  lok  in  the 
devdopmentcfflatdi^lays.  The  «iginal  discovery  of  electio-optical  effects  in  liq^oystal 
materialsatSanx^  fedtothefimliqaidcrystaldi^lay  (LC1>)2  Pkneenng  woric  on  matrix- 
aiUressed  di^lays,^  as  well  as  research  on  thin-film  transistors  (TFTs)/  was  performed  here;  in 
addition,  large  flat  cathode-ray  tubes  (CRTs)  for  wall  TV  apjdicatkms  have  been  extensively 
studied.^*^  Ptesent  efforts  are  aimed  at  developing  active-matrix  TFT  LCDs  for  hi|h'i'csolutk», 
fiill-color,  flat,  analog  di^lays. 

Samoff  has  emphasized  the  development  of  pdycrystalline  siUcon  Qxdy-Si)  TFTs 
deposited  (m  relatively  inexpensive  glass  substrates  for  its  active-matrix  LCD  program.  Noother 
active-matrix  tecimology  has  all  the  critical  virtues  of  hi^  mobility,  good  stability,  relatively 
inexpensive  (glass)  substrate,  CMOS,  and  high-quality  interconnects.  We  have  also  developed  <»- 
idatemtegratedscaimer  circuits  to  eliminate  the  large  nunti)er  of  intrinsically  unreliable  connections 
to  tile  row  and  cttiumn  lines  of  the  di^Utyfmn  external  matrix-addressing  drivers.  Scanned 
di^lay  devices  for  the  present  CHDD  contract  consist  of  a  400  X  8(X)  TFT  array  with  an  element 
pitch  of  0.2S0  mm  (100  lines/in.).  The  integral  CMOS  scanners  have  S-Mt-wide  data  channels, 
with  integrated  chopped  tamp  digital-to-analog  converters. 

2.2.  COLOR  HEAD  DOWN  DISPLAY  SYSTEM  CONCEPT 

Li  tile  Samoff  scanned  displays,  tiie  twisted-nematic  liquid  crystal  CTNLQ  cells  act  as  light 
valves  to  modulate  the  transmitted  light  firom  an  illuminator.  The  basic  cdls  exhibit  an  analog 
transfer  characteristic,  which  produces  a  continuous,  monotonically  decreasing  brightness  for  the 
given  picture  element  in  response  to  a  continucais,  monotonically  increasing  video  signal  The 
poly-Si  TFT  scanners  developed  by  Samoff  have  a  speed  capability  higher  tiian  is  needed  fx 
display  frame  rates  of  60  Hz. 

The  need  for  brighter  and  more  efiticiem  military  diqilays  has  led  to  tiie  concqit  of  a  cdor- 
sequential  fluotescoit  backlight  for  the  illuminatitm  of  a  large-area  LCD.  hi  a  field-sequaitial  color 
system,  video  information  for  each  primary  cokx:  is  loaded  into  the  liquid  crystal  array,  aae 
complete  color  field  at  a  time.  The  liquid  crystal  cells  will  synchronously  modulate  the  light  from  a 
corresponding  tenqiorally  sequenced  three-color  light  source,  '^th  a  high  enough  sequeiteing  rate, 
a  viewer  will  see  a  full  color  image  with  a  color  pmut  that  is  limited  by  tite  chrcxnaticity 
cocndinates  of  the  tineecdor  light  sources.  There  will  be  no  light  attenuation  resulting  frt»n  tiie 
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pRSOioe  of  a  filter.  Old  eacii  pictiire  etement  oxie^Kxids  to  a  singes  liquid  oy^  cdl  instead  a 
grcN^  of  dvee  or  more  celk  that  form  a  odor  filter  pixel  This  (fisiday  wiU,  dierefore,  have  naidi 
higher  brightness  and  resolution  tiian  a  color  filter  LCD  for  a  givm  power  input  and  diqday  sire. 

2.3.  ACCOMPLISHMENTS 

Under  the  Color  Head  Down  Display  portion  of  tins  contract,  Sainoff  has  designed, 
constructed,  and  demmisttated  a  lai:ge-area  LCD  with  an  analog  video  interface  system  color- 
sequential  backli^t  system.  The  milestones  in  the  course  of  this  work,  have  bem: 

•  The  development  of  an  integrated  functional  te$t  and  repair  station 

•  The  con^letknt  of  the  support  dectromcs  system  (SES) 

•  Tte  integration  of  die  color-sequential  harffHght  system 

•  The  selection  of  either  ttesilicide  or  double  metal  optiicm  for  fiisterdi^lay 
operation 

•  The  selection  of  internal  or  external  display  assemUy  locations 

•  The  fabrication  and  assembly  of  a  4-x  S-in  plate  that  c^terates  at  180-Hz  field 
rate 

•  The  integration  of  the  display,  color-sequential  backlight,  and  SES  for  final 
demonstration. 

Odier  accomplishments  under  this  part  d’  the  contract  have  been  the: 

(1)  Demonstration  of  192  x  192  displays  with  0.1-in  flush  seal  edges 

(2)  Hrst  demonstration  of  the  color-sequential  backlight  systnn 

(3)  LAP  start-up  and  first  successful  steppo*  assembly  of  a  conqtlex  circuit 

(4)  Successful  completion  of  die  4-x  8-in  grayscale  display  design 

(5)  Fabrication  of  CHDD  with  functioning  data/select  scanners 

(6)  Fabrication  of  the  first  4-x  8-in  display  with  integral  black  matrix 

(7)  Automatic  testing  and  yield  data  base 

(8)  Automatic  testing  and  yield  data  base 
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(9)  Une,  parametric,  and  WAT  yidds  over  70  percent 

(10)  Low  resistance  gates  (Rho  3E  0.2S  Q/q) 

(11)  Low  resistance  N+ source/drain  regi(»s  (Rho  s  350 

(12)  Combined  fiincticmal  test  and  rqMdr  station 

(13)  Fabrication  and  assembly  of  4-x  8-in  plate  that  operates  at  180-Hz  field  rate 

(14)  Generationof  11  patent  disclosures 
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3.  DISPLAY  DESIGN 


3.1.  GENERAL 

iDtBgradon  ctf  the  scanning  drcuitty  needed  to  drive  die  400  x  800  pixd  AMLCD  was 
achieved  by  fabricating  bodi  data-Hne  and  select-line  driver  dicuits  on  die  127-mm  x  228.6-nim 
rectangular  glass  substrate  along  with  the  same  polysilkon  dun-filin  pixel  transistors  used  to 
inqxove  die  critical  performance  of  the  display.  The  nuudinum  processing  temperature  in  the 
polysilkon  transistor  fabrication  process  is  kept  below  6S0”C  to  prevent  mdting  or  warpage  of  the 
low-cost  glass  substrates. 

Since  the  display  IC  is  too  large  to  fit  widiin  the  fiddofeven  a  2:1  wafer  stqiper,  the  12S-x 
225-mmderign  must  first  be  preassembledcHi  a  CAD  wotkstadon  and  then  partiticMied  into  17 
smaller  redcle  segments.  These  segments  were  MEBES  written  onto  a  7-in  reticle  as  shown  on 
Hg.  1.  The  final  assembly  ci  die  display  was  coapleted  programming  a  large-area  wafer 

stepper  as  shown  in  Fig.  2. 


Figure  1.  Reticle  Layout. 
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3.2.  DISPLAY  CIRCUIT  OPERATION 


The  scanner  ciivuitsaiein^leixieatedmitynaink:  CMOS  cinn^  A  single-data  scanner  is 
located  at  the  top  of  array,  as  shown  in  Hg.  3.  The  select  scanners  are  on  die  and  right  The 

drcuitry  is  divided  into  54  indqiendent  Nocks  to  increase  die  efiecdveness  of  die  ledundancy  and 
laser  rqiairptocediiies.  There  are  25  blodcs  of  4  data  line  scanners  plas  4  sqiarate  circuit  Nodks 
for  the  selea  scarmers. 

Hgure  4  shows  the  circuit  block  diagram  for  die  integrated  scanner  di^lay.  Thediagram. 
also  shows  the  **Chq>  Rait^”  scanning  technique  that  is  used  to  handle  die  32  gray  levels  color 
display  requiteniraL  EachdataUneisdrivenby  atransrmsskmgatecontrtdledbydieouqwtofa 
5-bitcoonter.  During  the  first  line  period,  the  5-bit  grayscale  code  for  eadi  pixel  is  loaded  into  die 
data  shift  registets.  At  the  end  of  die  line  period,  die  data  ate  transferred  (2000  bits  at  a  time)  from 
the  shift  register  latches  to  the  counters.  A  oontrol-latcfa  flip-flop  is  also  reset  to  turn  on  all  4(X) 
transmission  gates.  During  the  second  line  period,  the  naaster  data  bus  is  tamped  by  alow 
impedance  driver  from  0  V  to  5  V. 

The  master  data  line  tamp  is  always  die  same  and  no  longer  ctmtains  any  infocmaticML  The 
analog  voltage  presmted  to  die  data  lines  now  dqiends  entirely  on  die  contents  of  dieir  teqiective 
counters.  After  a  shcnt  delay,  the  counter  clock  starts  incmnenting  all  of  800  data  line  counters. 
Whenever  each  counter  reaches  count  of  11111,  it  sets  die  control-latch  flip-flop  to  turn  off  die 
transmissiCTi  gate.  Forexample,if  a  11111  code  is  loaded  into  data  Hne  No.  118,dienits 
transmission  gate  will  remain  conducting  only  long  enou^  to  disdhatge  its  data  line  completely  to 
ground.  At  die  same  time,  if  data  line  No.  122  is  loaded  widi  a  00000  code  then  its  transmisskm 
gate  will  remain  conducting  throughout  ^  attire  line  period,  allowing  its  data  line  to  become  fully 
charged  to  the  5-Vlevdi.  Data  lines  with  intomediate  binary  codes,  such  as  line  No.  120,  will  be 
charged  to  intermediate  levels  before  their  ttansmisgon  gates  turn  cff  and  chop  or  “freeze”  that 
particular  data  line  at  an  intermediate  point  on  the  ramp.  This  “QiopRaiiq)”  scanning  circuit 
achieves  an  accurate,  uniform,  32-step  digital-to-analog  conversion. 
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Figure  4.  CHDD  Simp^Ud  Block  Diagram. 

3.3.  DATA  SCANNER 

Hguie  5  shcrws  the  circuit  for  one  stage  of  die  data  scannos.  These  data  scanners  are 
partitioned  into  100,4x  5  saial-loadedregistersdiivaifiDma  reformatted  4:1  inult9lexed25' 
line-parallel-bQS  running  at  8  MHz.  Eadi  of  die  25  leads  is  connected  to  die  ii^ts  of  four,  20- 
stage  shift  registers.  These  four  shift  registers  are  driven  by  four  external  clocks  diat  are  separated 
by  90®. 
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FisoreS.  Data  Scanner  Suigle  Stage  Schematic. 

3.4.  SELECT  SCANNER 

An  improved  voltage  level  shifter  circmt  was  designed  for  the  select  scanner  circuiL  A 
coonwadocial  kvd  dufter  cncuk  win  not  always  fmctioa  propedy  widi  oeniin  iK)or  deviK 
chancteristicsandhi^opeiatiiigvolttges.  AsdK)wnmRg.6,NlandN2fi)nnaciiii€ntiniiior. 
WhaiVin«0V,Plisoff,P2is<Mi,aadNlc<»di]ctsnociiiitiiL  Widmocoodnctingciitieot 
iiiin«edinN2,iiode‘%**wiUbepimediiptol5Vl9  When  » IS  V,  PI  is  on,  F2  is  off, 

die  N1  cnoent  wiU  be  mimied  into  N2,  md  N2  win  drain  tibe  cusrem  at  node  until  the  node 

leaches  >SV. 


ISVOM 


3.5.  D/A  CONVERSION 

hiofderr  x'^birve  the  video  rate  toleration,  a  high'i^’eed  grayscale  counter  is  xequiied. 
Hgure  7  shows  die  first  stage  frequency  divider  circuit  for  this  grayscale  counter.  By  introducing 
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signal  TQJC,  the  feediMKk  pi^  used  in  tibe  typicd  firecpiency  divkkr  dicnU  is  iM 
This  frequency  divider  dicuit  can  be  opennediq)  to  6  M&dopiieiiie  limited  lOcmiVV-sec 
polysflicon  tnmsistor  mobility. 


Figure?.  First  Stage  Gr(^scale  Counter  Schematic. 


The  inregretion  of  die  scanning  CBCuitiy  on  the  127Hi]m  X  228.6-mm  |date  has  ledooed  die 
nundwr  of  input  leads  from  1200  to  44  and  dramadodlyillusirBtes  the  potential  of  wafer  scale 
integration  rediniques  to  improve  reliability  and  reduce  cost 


4.  PROCESSING 


4.1.  PROCESS  FLOW 

Niiie4iK!lHiiagoaallXI>s  with  integnlscannen  were  produced  oo  5-x9-mxectaiigular 
glass  sidMtrttBS.  Both  die  dan-line  and  select-line  driven  circuits  were  fabricated  siimiltaneously 
onaZSCHimpitdL  The  pictine  dement  (pixd)anay  was  ootnprised  of 400  x  800 pixels 
containing  polysilicoo  thm-film  transistogs  as  the  switching  elements.  The  process  used  lo 
flibricaie  die  transistor  anay  is  described  below. 

The  process  flow  for  the  firivication  the  400  X  800  transisaor  anmy  is  shown  in  Fig.  8. 
The  starting  glass  maierial  was  Hoya  NA-40,  wfaidh  has  a  maxinaim  processing  tempentnre  of 
650”C  In  order  to  use  die  ^ass  at  this  temperature,  however,  it  is  necessary  to  anneal  it  at  various 
temperatuies  and  times  to  “stahiBae”  die  glass  so  that  subsequent  hig^-tenqienture  processing 
steps  will  not  cause  movement  in  die  g^ass  of  >50  ppm.  The  jdiotolithogr^duc  aligner  diat  is  used 
in  diis  process  is  dpable  of  magnification  copqiensation  of  about  70  ppm  and,  hence,  it  is 
desiiabte  to  keqi  the  gjhrtsmoveoKm  below  dusmaxhxium  value.  Aftergrass  anneal  and  deaning, 
the  first  sflioMi  layer  ( 1500  A)  is  dqwsited  at  a  tempetaiure  of  dxxit  560^  Atdiistenqieratnie. 
the  deposited  silicon  layer  is  essentially  amorphous  with  small  grains  located  at  die  gdass-silioon 
inteifoce.  These  grains  serve  as  nucleadon  sites  for  subsequent  grain  gtowdi  during  later  high* 
tanperature  stqis. 

After  removal  of  die  rilictm  fiom  the  di^U^  beck  surface,  the  front  surfoce  sUicon  layer  is 
phoiolidiogtiqihically  patterned  and  etdied  to  fritm  transistor  islands.  Next.a75ft'Agateo!xideis 
grown  at  qipioximaiely640^C  Doting  this  oxidation  stqi.  die  siHoon  film  is  completely 
lecryrtalluBd  to  form  a  omtinoous  layer  of  grains  that  ate  qiproximaiely  100  to  300  nm  across. 
This  tecrystaHization  process  is  important  in  fiwning  relatively  large  grains  diat  produce  earlier 
iriobilities  in  die  15-30  erriVV-s  range.  After  the  gate  oxide  is  grown,  the  second  siUcoii  layer 
(5000  A)  is  deposited  and  doped  by  ion  inqdantaticn.  This  layer  is  then  patterned  to  form  die  gates 
of  the  transistors  and  any  low  resistance  crossovers  needed  in  the  dreoiL 

Pho^horous  and  boron  itrqilantations  are  used  to  form  the  self-aligned  source/dtain 
tegkms.  ami  the  implants  ate  activated  a  640*C  oxidation  stqi.  This  step  is  also  used  to  cemvert 
die  gate  siliccHi  to  polysUiccHi  and  to  form  an  oxide  over  the  polysilicon  gate  mateidaL  Adiidc 
(8000  A)  oxide  layer  is  dien  deposited  over  the  surface  of  the  plate,  and  contact  vias  are  etdied  in 
die  oxides  to  permit  access  to  die  underlying  silken  layers.  A 1  pm  of  aluminum  is  then  dqiosited 
over  die  surface  and  patterned  to  form  the  interconnect  layer  and  silkon  mtride  is  dqiosited. 

Doting  die  silicon-aluminum  alloy  s^  die  pdysilioon  transistors  are  hydrogouied  in  order  to 
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ledDce  the  efiectt  of  the  silioaB  grain  boundaries  ani  pmnit  k}wer  leakage  (od^ 

Opcafaiff  ran  citt  in  the  nhride  layer  to  allow  etecttialoomeciiop  and  Ae  gray  ttoomplera. 


Figures.  PotysiUa>n  Process  Flow  Diagram. 

hi  Older  to  fixm  a  fiqoid  crystal  array,  die  pt^sQicon  anays  are  dueled  to  Standish 
Industries  for  assembly.  Tlieyqiply  an  alignment  to  die  smftoetrf  the  pdiysilioon  {dates  and 

dre  stnfiue  to  foim  soiall  rnkroscopic  striatioas  dig  pennit  aUgnnient  of  die  large  liquid 


oynd  oaoiBcdes.  A  lopplaie  is  theoattadied  to  die  potysQioaa  {dale  and  Aev^ioii  between  the 
two  phttes  is  filled  widi  liquid  ciystal  material  After  sealing  (rf  die  fill  poet,  die  Ikpiid  crystal 
ttsemfaly  is  complete  md  die  display  is  ready  to  li|^  iqil 


4.2.  FABRICATION  AND  TEST  EQUIPMENT  UPGRADES 

In  this  section,  die  equqBnent  and  process  q^grades  diat  bsEve  been  imfdeniented  rinoe  die 
start  of  the  LCD  Program  in  order  to  adiieve  the  foal  of  increased  yield  and  inaproved 
manufactmability  are  listed,  and  the  expected  effect  on  yield  of  these  changes  is  provided.  Actual 
yield  results  win  be  tressed  in  Section  4. 

1.  TFT  Fabrication  Etiuipment  Upgrades 

The  ini^  equqnaent  upgrades  implemented  during  the  course  of  tins  program  are  listed 

below: 

(1)  bistallatioo  of  qan  developer 

(2)  BostaUation  class  10  ]diotoRsist  bake  oven 

(3)  loaprovemait  of  HEPAs  over  die  silicon  etdier 

(4)  Upgrading  of  cleamocun: 

(a)  InstaU  16  newHEPA  filter  assemblies 

(b)  hicrease  area  of  16  return  air  ducts 

(c)  Enlarged  changing  area 

(5)  Conversimi  of  cleaning  baths  m  100  percent  quartz  for  exposed  areas. 

2.  TFT  Fabrication  Process  Changes 

The  major  equqanent  process  dumgesinylemented  since  die  start  of  diis  program  are  listed 

bdow: 


(1)  Impleaxntatioa  of  routine  cleaning  of  die  (»ddatkm  furnace 

(2)  Implonentadoo  of  routine  SIMS  and  SPV  measurements  to  mcmitor  Si  and 
SiQ2quali^ 

(3)  Utilization  of  full  bunny  suits 
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(4)  Qiaiife  in  procednre  to  allow  (»ly(»epetson  in  die  phoioiooin  daring 

phntnwft««f 

3.  Test,  Repair,  and  Assembly  Upgrades 

A  new  laser  repair  system  was  installed  that  allows  us  to  laser  repair  defects  in  the  same  test 
bed  that  is  used  to  measme  plates  md  locate  defects.  This  has  lead  to  an  approximate  three-fold 
reduction  in  time  takro  fior  laser  rqwir.  No  major  changes  were  imptomented  in  the  assenaMy  of 
LCDs. 


4.3.  POLYSILICON  PROCESS  YIELD  CHARACTERISTICS 
1.  Yield  Model 

A  model  has  been  previously  developed  for  predicting  the  yidds  of  diqday  plates.  The 
iqpat  to  this  model  is  an  estimate  of  die  defect  level  adiieved  on  diq;>lay  plates  processed  in  oar 
LAP.  Eadi  of  these  plates  includes  test  structures  for  measoiing  opens  (serpentine)  and  shorts 
Qnterdigitated).  These  test  structures  are  located  on  the  perqdiery  of  die  plate.  Since  diis  region 
usualty  suffers  from  a  higher  level  of  defects  dum  central  locations,  diese  devices  provide  a  worst- 
case  estimate.  Test  structures  exist  for  active  polysUkoo,  gate  polysflicon,  and  aluminnm  levels. 
The  polysiBcon  design  rules  are  6-pm  lines  and  places,  and  die  aluminum  design  rules  are  S-iim 
lines  and  qiaoes.  The  structures  cooqnise  a  linear  distance  ttf  3.2  la  In  addition,  a  string  of 
83,200  6-x  6  pm  ccmtacts,  in  series  with  die  active  polysilicon  level,  and  anodier  string  in  series 
widi  the  gate  polysilioon  levds,  are  monitored. 

For  active-matrix  arrays  and  inregrated  drivers,  a  linear  yudd  model  is  qipropriate,  Le.,  the 
probability  finding  a  defect  is  prqxirtional  to  the  kngthrtf  certain  critical  Hnes.  Thisisttuefor 
bodi  opens  and  shorts.  Shorts  will  occur  between  paralld  lines  of  lengdi,L,  and  qMicing,d.  The 
longer  the  line  and  the  closer  die  spacing,  die  more  likely  die  short  will  ooctur.  This  is  in  contrast  to 
some  yield  models  for  integrated  drcuit  ch^  vriiete  die  probabili^  of  defects  occuning  is 
proportional  to  the  area  of  the  chip. 

If  die  probability  of  a  defect  occurring  is  prc^xirtional  to  the  lengdi,  and  diis  probability  is 
Dio  per  unit  length,  thmi  it  is  easy  to  show  that  the  yield  for  a  line  of  lengdi  L  is: 

Y  =  exp-(DoL)  (1) 

We  (dxain  the  value  ttf  Do  experimentally  fiom  the  test  structures  of  length  Lt>  which  have 
measured  yield  Yt,  ix.. 


IS 


Yt  =  exp-(DoLt) 


(2) 


The  same  yield  model  can  be  a(h^?tcd  to  predict  yields  for  redundant  structures.  For 
exaaople,  consider  die  case  of  redundant  data  lines,  Le.,  every  data  fine  is  driven  sqiarately  from 
OKdi  side  of  die  array.  It  dim  tak^  two  delects  in  one  fine  to  produce  a  fine  defect,  since  for  one 
defect,  the  liro  segment  on  eidier  side  of  die  defea  will  be  diivm  by  its  own  driver. 

FromEq.  (1),  the  probalnlityofobcaining  a  single  defect  on  a  particalar  data  line  is: 

Pd  =  1  -  exp-(DoLd)  (3) 

where  Ld  is  the  Imgthtrf  a  single  data  line.  This  expresskm  is  actually  the  probability  diat  a  data 
fine  has  any  number  of  defects,  but  will  be  almost  equal  to  the  single-defect  probability  for  small 
DoU.  Now  the  probability  diat  a  pardcular  data  line,  which  is  known  to  have  (»e  defect,  has  a 
seccmd  defect,  is  sm^ly  the  product  Pd^.  This  follows  from  the  assumption  of  statistical 
independence.  Therefore,  the  yield  for  a  redundant  data  line  is: 

Yd  -[l  -  ( 1  -  exp-(DoLd))^  W 

and  die  redundant  yield  for  the  mtire  array  of  Nd  data  lines  is: 

Yd -[l  -  ( 1  -  exp-(DoLd))^]  (5) 

If  DoLd  « 1,  exp-(DoLd)  **  1  •  D(^-d,  and- 

r  21  Nd  2 

Yd=  Ll  -  (DoLd)  J  -  1  -Nd*(DoLd)  (6) 

In  order  to  calculate  yield,  the  display  plate  is  sqiarated  into  several  key  areas  including: 

(1)  General  busing 

(2)  Data  scanners,  including  cmtral  and  side  busing 

(3)  Select  scanners,  taking  driver  redundancy  into  account 

(4)  Select  to  data  shorts 

(5)  Data  line  opens. 
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Iine«  and  ^^accswiA  critical  dimensi(»s\>oe  identified  for  die  alumina 
polyfilicon,  and  griepctiysilicon  levels,  and  tfaeir  lengths  and  widths  were  measured.  Non-design- 
rolesjaed  widths  are  given  a  linear  wei^ting  when  calculating  tfaor  effective  lengtiL  Forinstmce, 
al4-|tiD*widealiiininumlineofl  min  length  would  be  treated  as  the  equivaknttrf an  8/14>x  l>m> 
tong  line,  or  037  m  in  effective  loigth. 

2 .  Yield  Data  for  TFT  Process 

Applying  the  yieki  model  to  tile  yield  data  that  we  have  been  continuously  monitoring  for 
aluminum,  active  polysilicon,  and  gate  polysilicon  levels,  enables  us  to  measure  the  effect  of 
improvements  in  the  process.  The  fdlowing  giiQihs,  which  are  ordered  chrooctiogically.  iUustrate 
ourprogress.  All  of  the  yidd  calculations  are  based  on  test  structures  measuring  opens  and  shorts 
yields  for  a  given  leveL  No  proviskm  has  been  made  in  our  model  to  account  for  inter-kvel 
shorts.  We  believe  such  shorts  are  insignificant  compared  witii  shorts  witiun  levels. 

Hgure  9  shows  tiie  aluminnm-level  yields  for  tiie  opens  and  shorts  structures  on  actual 
TFT  plates,  averaged  by  lot,  and  plotted  as  a  five-lot  moving  avenge.  When  there  is  a  hi^  level 
(tf  shorts,  the  opens  structures  are  less  likely  to  fail,  due  to  internal  shorts  in  the  serpentines,  and 
when  there  is  a  high  level  of  opens,  due  to  aluminum  corrosion,  for  instance,  die  shorts  structures 
arelessUkdy  tofaiktiuetoahighlevelofintenaalc^iens.  The  product  of  the  two  yields  helps 
balance  out  these  effects,  and  hence,  is  a  more  reliable  number,  or  figure  of  meriL  Hgure9shows 
that  we  have  been  successful  at  improving  the  ahiminum  yields;  the  figure  of  merit  went  from  a 
high  of  39  percent  prior  to  12^  to  a  high  of  62  percent  mi  these  five-lot  moving  averages. 

Aluminum  opens  were  inqiroved  by  altering  the  etching  process  to  avoid  over-etching, 
hardening  tiie  jtiiotoresist,  and  rqndly  removing  the  chlorine-ladoi  resist  afrer  the  etching  process, 
by  itninersion  in  RT2,  to  arrest  corrosion.  Aluminum  shorts  were  reduced  by  mounting  tiie  plates 
upside  down  during  etching,  paying  careful  attention  to  polymer  build-up  in  the  aluminum  etcher, 
adding  a  spn  developer,  changing  personnel  procedures,  and  upgrading  the  air  handling  in  our 
focili^. 
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YIELD 


LOT  NO. 


Figure  9.  Five  -Lot  Moving  Average  ofaAIwninum  Shorts  and  Opens  Yield  Data. 

The  following  yield  stractme  table.  Table  1,  illustrates  the  ben^ts  produced  by 
improvonents  to  our  facility.  The  q)ens  structure  yield  was  greatly  inqiroved  by  the  introductk» 
of  spin  develcqnnent  The  shorts  structure  yield  has  steadily  improved  by  both  in^lementing  spin 
development  and  upgrading  the  procedures  and  air  handling  in  our  facility. 
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TABLE  1.  Tabulation  Of  Yield  Improvement  Due  To  Facility  Upgrades 


Prior  to  spin 
deveiopment 
impiemcntation 

(prior  to  12/91) 

After  spin 
development 
implementation 

(4/92) 

After  spin 
development 
pins  f»eral  facility 
npgmde 

(8/92) 

Opens  Yield 

82  ±16% 

98  ±1% 

97  ±3% 

Shorts  Yield 

5ms% 

86  ±6% 

The  yield  results  for  opens  and  shorts  and  dieir  product  for  dte  active  polysilicon  level  are 
shown  in  Hg.  10.  This  graph  shows  essentially  no  improvnnent  in  tiie  active  polysilicon  level 
yield;  however,  the  effects  of  our  upgrade  of  our  facilities  has  not  entered  die  data  base.  The  data 
is  once  again  shown  as  a  five-lot  txx>ving  average. 


YIELD 


The  gate  polysUiconjmld  results  ate  diown  in  Fig.  11.  This  levd  started  off  with  die 
highest  yidd  and  it  has  been  the  most  c(Hisistent]evd.paiticalaiiywidi  reflect  to  opens.  In 
several  lots  the  yield  has  been  100  percent  for  gate  polysilicon  opens.  Like  in  tl»  case  for  the 
active  pofysilioon  level,  the  effects  of  our  iqigrade  of  our  facilities  has  not  emered  the  data  base. 

Contact  string  yidds  have  also  been  monitoced.  These  test  stnictures  do  not  sqparaae  stqi 
coverage  proUems  from  contact  problems.  Therefore,  loss  of  yield  is  not  stricdy  due  to  contact 
inoUems.particula]iy  with  xeqiect  to  gate  contacts.  At  die  acdveixilysilioon  level,  die  test 
structures  suffered  from  high  active  polysilicon  sheet  resistivities,  pazticulaily  recendy,  due  to 
contamination  of  the  polysilicon.  Inqyovement  in  die  quality  <rf  die  pdysilicon  lowered  diese 
resistivities  and  inquoved  die  yield.  Contact  yield  is  not  separately  considered  in  our  yiddmodd, 
but  would  obviously  be  a  factor  in  regioiis  widi  a  hi^  density  of  contacts,  such  as  the  data 
scanners. 


Figure  11.  Five-Lot  Moving  Average  of  Gate  Polysilicon  Shorts  and  Opens  Yield  Data. 
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lb  making  ykld  esdnuues  based  <m  test  structure  yidds,  for  kits  started  poor  to  December 
1. 1990,  we  diose  the  lot  with  the  best  product  of  opens  and  shorts  yidds,  averaged  over  a  sin^ 
lot,  fortliat  particular  levd  (see  Talde  2).  Hiis  estimate  shows  our  status  at  die  started  the  LG> 
ManuftcturabiliQr  Program.  A  second  estimate  (tfyidds  is  calculated  using  die  best  data  to  date 
(ll/lS/92).  Thesedatawerederivedfromqiecialtestplatestqxmwhidioaly  onelevd  was 
patlenied.  To  calculate  die  effective  yield  leagdi,L,  the  diqday  plate  has  been  broken  down  into 
various  locations:  data  lines  in  the  array,  select  scanners,  data  scanners,  general  busing,  sdect-to- 
data  shorts,  pixd-to-pixd  shorts,  and  pixel  source-drain  qiens.  Becausediere  was  1(X)  percent 
yield  of  die  test  structures  for  gate  polysilioon  qiois  in  die  lots  selected,  the  critical  area  of  die  gate 
lines  was  not  calculated.  Furthermore,  the  yield  of  die  select  lines  is  assumed  to  be  1(X)  percent 
The  fdlowing  lots  were  sdected  for  die  December  1, 1990  estimate,  comparing  yidds  for  devices 
similar  in  size  to  diose  cm  our  test  plates. 


TABLE  2.  December  1990  Test  Structure  Yield 


Opens  Yield 

Shorts  Yidd 

LHO01128fordie 
aluminum  level 

83% 

83% 

LHC(X)30S  for  die  active 
pol^ihoon  level 

67% 

75% 

LHC00504  for  the  gate 
polysilicon  levd 

100% 

83% 

Our  best  ever  yidd  data  on  test  patterns  achieved  yopen  =  100  percent  ydxxt  -  94  percent 
for  aluminum  test  patterns  (plate  TSA20904-71),  yapea  ^  99  percent  ysfaett  92  percent  for  active 
pdysUkxHi  test  patterns  (plate  TSA20604A-S),  and  yopen  98  percent  yshm  -  98  percent  for  gate 
polysilicon  (plate  TS  A20603G-6).  However,  to  be  conservative  we  diink  diat  a  more  realistic 
yield  estimate  is  as  shown  Table  3. 


TABLE  3.  November  1S192  Test  Structure  Yield 


Opens  Yield 

Shorts  Yield 

Aluminum  levd 

98% 

85% 

Active  polysilicon  levd* 

98% 

85% 

Gate  polysilicmi  level* 

98% 

85% 

*  These  data  are  what  we  consistBiuly  achieve  on  alumintnn  test  pattenis;  die  etching 

peifonnance  on  active  and  gate  pdysilicon  should  be  at  least  as  good. 
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4.4.  YIELD  ESTIMATES  FOR  LAF  TFT  PLATE  FABRICATION 


1 .  Model  for  Simple  Active  Matrix  Array 

By  far  the  most  trooblesOTie  yield  pioldem  for  an  AM  ITT  plate  is  Aat  of  open  data  lines. 
The  yield  model  in  Section  4.3.2  above  is  used  to  oomlatB  die  data  line  yidd  to  the  test  structure 
yield  and  the  result  is  plotted  above.  Note  that  to  achieve  interesting  yields  (above  10  percent)  die 
test  structure  yield  must  exceed  91  percent  Based  on  aluminum  etching  yields  alone,  die  predicted 
data  line  yields  for  plates  processed  in  1990  and  those  processed  in  1992  are  shown  in  Table  4 
below. 


TABLE  4.  Measured  Yield  of  Test  Structure  and  Calculated  Yidd 
of  Data  Line  Defect  Free  Displays  at  the  Beginning 
and  End  of  this  Program 


Measured  almniBiuii  test 
structure  opens  yields 

Calculated  data  Use 
defect'hree  TFT  plate  yield 

1990 

83% 

1% 

1992 

98% 

60% 

Thus,  we  can  see  what  dramatic  progress  has  been  made  during  die  course  of  this  program. 

2 .  Model  of  AM  Plate  Including  Integral  Scanners 

We  now  proceed  with  a  more  complete  set  of  yidd  calculations  for  the  case  of  an  AM  plate 
that  indudes  integral  scaimers.  In  cmstructing  the  yield  model,  we  have  a.ssumed  that  defects  are 
random  and  not  caused  by  improper  processing,  systematic  problems,  or  mishandling.  For  the 
calculations  that  follow,  we  have  made  the  following  assumptions; 

a.  Input  Busing 

Input  buses  are  wide  enough  that  opens  are  negligible. 

The  yield  loss  due  to  shorts  can  be  estimated  firom  the  aluntinum  test  sffucture  yield  and  die 
critical  area,  the  gaps  between  the  busing. 

Shorts  betweoi  adjacent  buses  can  be  repaired  90  percent  of  the  time. 

b.  Data  Scanners 

We  estimate  the  yield  of  data  scanners  by  assuming  that  the  area  cd  the  scanner  is  occupied 
by  active  poly,  gam  polysilicon,  and  aluminum  in  approximately  equal  amounts,  diat  both  shorts 
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and  opens  oootribute  to  die  yield  loss  for  each,  and  that  the  sbotts  and  open  yields  am  be  calcalatwl 
firam  die  lest  structiire  yidd. 

ff  a  data  scanner  is  inapendde.  we  assnme  dutt  we  can  sidMititte  die  data  from  a  wodmig 
data  scwmer  onto  die  data  line  oripnally  connected  to  an  inoperdde  data  scanner. 

When  it  is  reqnired.sudi  a  nearest-nddtbof  repair  is  assumed  to  be  siiocessfid  80  percent 
oftbedme. 


c.  Select  Scanners 

The  yield  is  siinilarly  based  on  die  test  stnictaie  yield  of  acdve  pdyalioon,  gate 
pdysQicoo,  and  almninuin. 

Only  <nie  scanner  is  required  to  work  aU  the  way  to  the  end  so  diat  an  incpendde  seamier 
canbecutfiee  100%  percent  of  the  time. 

d.  Data  Lines 

Tbe  donnnant  source  of  nmirqiaiiable  yield  loss  from  our  original  di^lay  {date  design 
came  from  open  data  lines  in  die  stray.  As  mentiooed  above,  we  now  can  adueve  opens  yields  on 
aluminum  test  structures  in  excess  of  98  percent,  vdiich  translates  to  data  line  yields  exceeding  60 
percent  and  we  would  expea  this  to  rise  substantially  as  we  move  fioiwaid. 

Although  we  could  do  a  weld  of  one  data  line  to  its  broJoea  ndf^hae  to  provide  a  signal  to 
die  disccnnected  bottom  portion  of  this  data  line,  we  do  not  presendy  test  die  diqiilay  for  open  data 
lines  and,  dius,  do  not  do  this  repair. 

Thus,  our  modd  does  not  assume  data  line  rqpair. 

Yield  prediedons  have  been  made  using  the  above  assumptions  widi  die  data  odleaed  from 
die  test  structures  providing  the  estimates  of  defea  densities  for  eadi  of  die  levds.  For  calculations 
of  the  yidd  of  the  ciicoitiy,  we  have  used  a  sonewhat  more  sofdiisticated  model  tiian  that 
described  above.  The  calculations,  vtiiich  are  bdieved  to  be  more  accurate  over  a  ^ledfic  limited 
range  of  yields,  are  based  on  the  Murphy  yield  modd  (for  y  >  30  percent)  and  the  Seed  modd  (for 
y  <  30  percent). 

We  bdow  the  results  of  these  calculations  assuming  ddm  (1)  no  nearest  nogjibor 

substitution  of  data  scanners  or  (2)  nearest  ndghbor  substitution  of  data  scanners,  vdiidi  again  is 
successful  80  percent  of  the  time.  In  any  case,  we  ^assume  rqiair  of  input  busing  ^percent 
effective),  sdea  scanner  substitution  (1(X)  percoit  effective),  and  crossover  shorts  (also  100 
percent  defective).  This  last  assumption  is  oily  striedy  true  if  dther  both  sdea  scanners  are 
operable  or  the  diort  can  bedeared  without  cutting  a  sdea  line.  This  assumption  does  not  a;q>ear 
to  introduce  significant  error  for  the  level  of  cre^sover  shorts  currently  observed. 
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For  the  calculatkMis  erf' factoiy  yield  vve  assume  tfiat  tte  defea  levd  is  proportioaal  to  die 
“da^”  of  die  facility.  The  ineasuredairboniepeiticulatBlevd  in  our  present  photoUdiogrqdiy 
facility  is  typically  50  defects  greater  dian  5  micixxis  in  a  cubic  footed  air.  This  is  5  times  higgler 
than  a  class  10  facility.  Thus,  in  our  factoiy  yield  calculations,  we  have  assumed  defect  densities 
for  all  levels  that  ate  five  tunes  lower  than  our  present  (1$>92)  test  stiuctureineasuremrats.  See 
Tables. 

The  reason  these  two  cases  are  interest,  is  that  in  the  first  case  each  pixd  gets  exaedy 
correct  data,  whereas  in  the  sec<»d  column,  the  data  (m  one  or  more  cdumns  are  rqieated  to 
adiieve  a ‘line  defect  fiee  lode.” 


TABLE  5.  Calculated  Repairable  Yields  oi  Data  Line  Defect  Free 

Displays  and  of  **Nearest  Ndghbor  Data  Scanner  Substituted** 
Displays  at  the  Beginning  and  End  of  this  Program 


TFT  plate  yield  withont 
Dearest  adghbor  data 
scanner  snbstitntlon 

TFT  plate  yield  assnaiiag 
nearest  neighbor  data 
scanner  snbstitntion 

1990 

3% 

14% 

1992 

7% 

27% 

Class  10  Factory 

43% 

59% 

3 .  Model  of  AM  Plate  Incorporating  Low  TFT  Count  Scanners 

We  notice  that  for  the  existing  design  when  fabricated  in  our  present  facility,  die  yidd  is 
reduced  firxn  60  to  27  percent  by  the  incorporation  of  the  present  S-bit  data  scanners  and  the 
relatively  complicated  20  TFT  selea  scanners.  Newer  designs  use  ccmsidexably  fewer  IFTs.  One 
particular  design  incorporates  as  few  as  20  IFTs  m  a  data  scanner  (conqiared  with  the  120  per  data 
line  in  die  existing  design)  and  uses  cmly  4  IFTs  in  die  selea  scanner  (compared  widi  die  present 
20).  Such  a  design  would  be  significandy  easier  to  fabricate.  The  estimates,  again  assuming 
nearest  neighbor  substitution  or  no  substitution,  are  shown  in  Table  6. 

TABLE  6.  Calculated  Repairable  Yields  of  Data  Line  Defect  FVee 

Displays  and  of  ‘‘Nearest  Neighbor  Data  Scanner  Substituted** 
Displays  for  Existing  5-Bit  Design  and  for  New  Low  TFT 
Count  Design 


TFT  plate  yield  without 
nearest  neighbor  data 
scanner  snbstitntion 

TFT  plate  yield  assnming 
nearest  neighbor  data 
scanner  snbstitntion 

1992 

14% 

27% 

42% 

57% 
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Id  dds  ciw.  die  yidd  k>ss  doe  to  the  pisseaoe  of  scaimen  is  almost  negji^jle. 


4.  Imuss  RalDtad  to  AcU^ing  m  Udc  Meet  Free  TFT  Plate  Amn  oar  LAF 

a.  SiUam  D^po^timi,  Etdiing,  and  OiMation 
Rrooesses  ire  under  oontiol. 

b.  Ion  bnplantation 
ftocess  is  under  ccmtrd. 

c.  BPSG  Deposititm  and  Etching 

Processes  are  under  control,  aldioui^  deposition  is  sdll  sometdiat  diiQr. 

d.  Atominum  Deposition  and  Etching 
Processes  are  under  ccmODl 

e.  Nitride  Deposition 

This  process  stqi  is  cunent^diry,  the  system  is  being  upgraded  to  inaprovecleanKness. 

An  alteroadve  hydrogen  passivatkm  procedure  needs  devdopment  for  large  area  to  idneve  even 
lower  leakage  for  small  pixels. 

f.  Blade  Matrix 

Process  is  under  contrd  for  etching  die  amoiidionssiliooa.  bis  under  devdopment  for  die 
underiying  mttide. 

5.  Device  Characteristics  for  the  Samoff  Pdysilicon  Process 

Various  electrical  parameters  are  measured  on  each  lot  that  is  produced  in  our  large  area 
fodU^.  The  most  important  ci  these  are  threshold  voltage,  leakage  (off)  current  and  drive  (on) 
current  Hgure  12  showsthe  values  of  N-channel  and  P-channd  dueshold  voltage  as  a  fimetioa 
time.  As  seen  frenn  the  data,  the  diteshold  values  are  about  ‘'W(N)  and  '12V(F). 

The  variation  in  N-  and  P-channd  drive  currents  as  a  fiinctimi  of  time  is  shown  in  Hg.  13. 
The  minimnmaccqitablelevd  for  premier  operatk»  of  the  LQ3arnQrs  is  1  pA.  As  is  seen  from  die 
data,  most  of  die  recent  transistors  have  drive  currents  considerably  above  dus  kveL 


2S 


Figlire  12.  N-  and  P-Channel  Trcuisistor  Threshold  Volumes  as  a  Function  of  Time 


(mA) 


1000 


PLATE  NO. 


Channel  lengths  are  6.0  ^n^  and  channel  widths  are  10  ^nl. 
Figure  13.  N- and  P-Channel  Transistor  Drive  Currents  as  a  Function  cf  Time. 


Hgme  14  shows  N- and  P-channel  transistor  leakage  cunents  as  a  function  of  dme.  The 
maxinmm  allowable  leakage  level  depends  on  the  qiplicatioo.  We  have  arbitrarily  chosen  1  nA  as 
the  maximum  value  for  which  we  will  consider  plates  as  a  candidate  forrq>air  and  assemMy.  As  is 
seen  in  the  figure,  the  leakage  levds  of  recently  fabricated  devices  are  well  bdow  dus  limit  except 
for  occasional  experimental  bts. 
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5.  DISPLAY  SYSTEM 


5.1.  GENERAL 

Theddhrereddisplay  system  is  coD^osed  of  dneeaugor  units  as  shown  in  Hg.  IS.  The 
first  mut  is  die  Support  Eteoronics  System  (SES)  that  houses  all  of  the  power  siqiidies  and 
electrcnic  dicuits  for  acoqaing  die  video  mpnt  signals,  piooessing  diem,  and  driving  die  Odor 
Head  Down  DisidayCCHDD).  The  second  unit  is  die  LXZD  mounted  in  a  metal  bezel  and  attached 
to  the  fioot  of  the  otdor  sequential  baddisht  The  diitd  unit  is  die  progranunaWe  video  generator 
manufitttured  by  Leader. 

5.2.  SUPPORT  ELECTRONICS  SYSTEM 

Thepuipose  of  the  SES  is  to  aocqa  analog  RGB  component  video  infonnaiioofiom  a 
video  source,  digitize  it  for  storage  and  refonnatting,  and  deliver  it  to  the  CHDD  in  the  proper 
setpience  for  di^lay  in  die  cdor  sequential  mode.  The  block  diagram  for  the  final  system  is 
shown  in  Fig.  16. 

Ihree  possible  video  sources  can  be  ccnmected  to  the  SES  equqiment  rack  for  selection 
from  a  fixmt  panel  oontrui.  All  three  require  RGB  and  conqwsite^nc  signals.  Thefirstisthe 
low-res(dutk»i  signal  that  conforms  to  the  RS  170A  sync  standard.  The  second  is  from  the 
supfdkd  Progranmiable  Video  Generator  duu  is  set  by  die  c(»tractor  for  the  best  inatch  to  die  best 
resolution  and  timing  for  the  CHDD.  The  thxtd,whidi  is  not  called  for  in  the  ooiitract,  should 
allow  connection  to  the  Wri^t  Laboratory  simulamr  video  sources. 

The  RS  170A  video  is  a  low-resolution  source  widi  many  undearable  visual  artifiacts. 
There  is  no  need  to  dectronicaUy  enhance  die  agnal  to  match  the  full  capabilities  of  die  head  down 
di^lay  for  this  contract  The  RS  17QA  standard,  however,  is  a  simple  and  convenient  source  of 
video  to  tea  the  dynamic  characterisdcsttf  the  display.  The  moacoa-effocdve  scheme  was  to  use 
the  video  as  is  without  any  enhancing  video  processing  and  to  limit  the  amount  of  additional 
electronics  in  die  SES  to  accomplish  this. 
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Figure  IS.  Mc^orUnitsforCHDD  System. 


FUNCTIONAL  BLOCK  DUQRAM 
SCANNED  LCD  ARRAY  WITH  CHOPPED  RAMP  QUAY  8CALC 


Figure  16.  SES  General  Block  Diagram. 

The  conyosite  sync  signal  is  sq)aratedinio  its  horizontal  and  vertical  copyonents.  Apair 
of  Read  and  Write  Phase  Locked  Locy  (FIX.)  oscillators  are  locked  to  die  horizCTital  signal  These 
circuits  drive  all  the  dock  goieratkxi  and  timing  signals  required  by  die  system.  TheWritePLL 
drives  all  the  circuits  up  to  and  induding  the  inputs  to  die  Fnune  Buffer  Memories  and  the  Read 
FLL  drives  everydiing  after  these  memories.  The  verdcal  signal  is  used  as  a  system  reset  to 
initialize  each  cyde  period. 

The  video  selector  oHinects  die  dnee  analog  video  signals  fiom  the  desired  source  to  die 
and  aliasing  low  pass  filters.  These  signals  are  then  anqilified  according  to  die  settings  of  die  Made 
levd  and  picture  levd  controls  located  on  the  CHDD  and  baddi^t  assembly.  The  three  signals  ate 
then  digitized  by  diree  A/Ds  at  aj^noximately  a  40>MHz  rate  into  dnee  conespcxiding  6-bit  words. 
The  LSB  of  each  word  is  discarded  since  die  system  requires  only  a  S-bit  accuracy. 

The  original  plan  was  to  build  a  duee-secdon  died  di^lay  that  was  12  in  horizcmtally  8 
inverdcally.  This  was  later  down  scoped  to  a  single  4-x  8-in  diiqilay.  The  frmit  end  of  die  SES 
etectronics  was  not  down  scoped  and  riill  digitizes  the  incoming  video  for  display  on  the  12x8 
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fonmt  This  means  tiua  each  Ixnzontal  line  is  saaqdedqjiroodiDately  1200  tunes,  md  an  die 
sanoides  are  sent  to  d»  video  write  fonnatter.  The  first  400  and  last  400  sanqiks  per  horizontal 
line,  are  passed  to  an  opoi  connector  and  are  lost  The  center  400  sainpksdiarizontal  line  are  fed 
dnon^  to  the  six  frame  buffers.  These  samides  are  refonnatted  by  stacking  four  consecutive  S-bit 
words  into  a  single  20'bit  word  for  the  SES  input  data  bus. 

Thebt^Bfermemoiy  is  cooqiosed  of  six  separate  frame  buffers,  two  for  each  ctdor.  The 
two  frame  buffers  for  each  color  are  then  operated  in  a  manner  so  that  while  one  is  bring  written 
into,  the  other  is  completdy  free  to  be  read  frtnn.  This  ping-pong  operation  was  selected  for 
maximum  independence  between  die  Read  and  Write  modes  providing  flexibiU^  to  accommodate  a 
90”  image  rotadcm  if  required.  This  inenioiysaucture  also  allowed  a  simple  mediod  of  providing  a 
video  freeze  firame  mode  of  operation  that  is  helpfiil  in  image  analysis. 

The  ouqiut  video  infonnadon  from  die  frame  buffers  are  reformatted  in  die  four  parallel-to- 
serial  refoimatters  for  the  hi^-speed  clocking  (8  MHz)  to  the  CHDD.  These  leformanets  intermix 
die  data  words  and  the  five  bits  for  each  word  for  proper  demuldplexing  of  the  4: 1  demult^lexers 
in  die  (xi-glass  circuitry  of  the  display. 

The  read  clock  is  used  to  generate  all  the  timing,  control,  and  clock  signals  for  the  di^lay 
and  the  backlight  controUer.  The  data  clocks,  select  clocks,  gray-scale  clocks,  and  data  signals  ate 
level  shifted  by  the  driver  circuit  and  fed  to  die  di^lay. 

5.3.  LIQUID  CRYSTAL  DISPLAY 
1 .  Grayscale 

The  LCD  was  fabricated,  tested,  and  repaired  in  the  facilities  at  Satnoff  and  dien  assoiibled 
under  a  subcontract  by  Standish  Industries. 

The  display  grayscale  operadcxi  was  evaluated  mi  a  test  bed  and  showed  a  mmiotCHiic 
operation  fm:  each  of  the  32  codes  fm  its  5-bit  D/A  design.  This  is  shown  in  Fig.  17. 
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2.  Contrast  Ratio 

The  contrast  ratio  is  defined  as  the  light  intensity  that  readies  die  viewer  in  die  liquid  oystal 
**on**  state  or  **idiite  levd”  divided  that  readiing  dre  viewer  in  die stale  or  “black  levd.” 
Hgure  18  is  a  anmlified  diagram  of  the  main  ocaaponents  of  the  transmitted  and  reflected  light  erf  a 
di^lay  being  viewed  under  some  ambient  light  conditions.  The  contrast  ratio  is  die  mm  of  die 
“on”  state  lij^t  (L^wht)  and  die  reflected  ambient  light  compcaients  divided  the  sum  (rf  the  “off” 

state  Ug^tOLrblk)  and  sioiilar  reflected  ambient  light  components.  The  reflected  ambient  li^ 
components  are  a  function  of  the  reflected  interface  CMiqxments  and  the  traasmisnon  of  the  glass. 
The  reflectivity  component  at  the  LC  interface  may  be  different  for  a  w^te  and  black  pixel  in  die 
diqilay,  but  this  difference  negligible  for  this  discussioiL 


L-wht 


L*t)K 


iH’iansmission  of  Glass  -  T 

'A  5  ^ 

Reflectivity  of  LC  interfaoe-RIc 

' ' 


Reflectivity  of  Glass-Rg 


Ambient  Light 
Intensity  >  LA 


Contrast  Ratio< 


L-wht  + LA*  f  (RgRici 


L-blk  +  LA*f(Rg3lc2,T) 

Figure  18.  Contrast  Ratio  Measurement. 


Table  7  lists  the  ccmtiast  ratio  measurements  under  both  a  chedcerboaid  pattern  and  full 
white  and  black  fields.  With  die  checkererboard  pattern,  the  display  has  dianging  signals  tm  die 
di^lay  vertical  data  lines. 

We  can  infer  from  diis  table  that  the  ambient  light  reflective  flinctkm  has  a  value  of 
rq;iprQximately  0.008.  This  would  make  the  contrast  ratio  for  a  10,000-£L  anibient  equal  to  2.8:1 
for  bodi  checker  and  full  field  patterns. 
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TABLE  7.  Ccmtrast  Ratio 


Cheefcar  Pattern 

Dark  Arnbient  (3 1L)  Contrast  Ratio 

179f-L  /11f-L 

17:1 

149 f-L  /3f-L 

51:1 

Ambient  (375  flj  Contrast  Ratio 

179 H.  /I5f-L 
12:1 

154 f-L  /6f-L 

24:1 

Very  HK|h  Ambient  (3500  fL)  Contrast  Ratio 

205 H.  /45f-L 

sn 

176  f-L  /  28  f-L 

6:1 

5.4.  COLOR  SEQUENTIAL  BACKUGHT 
1 .  Operation 

Hgnre  19  shows  die  major  compcments  of  the  CHDD  assembly.  Like  odier  fluorescent 
baddight  display  assemblies,  it  consists  of  a  lig^  source  ak»g  widi  its  power  source,  an  LCD, 
and  a  Ught  distribution  tedinique  to  evenly  distribute  die  lig^t  to  die  diqilay  assendily.  In  this 
system,  however,  the  light  source  is  conqiosed  of  24  fluoresoent  lamps,  grouped  as  3  sets  of  8 
lanqis,  1  set  for  each  of  the  primary  colors  red,  green,  and  blue. 


Figure  19.  Major  Units  for  CHDD  System. 

The  power  supply  provides  each  lamp  widi  a  sqiarate  current  control  to  balance  its 
individual  Ught  ou^ut  Finally,  there  is  an  overall  ctmtrol  to  set  the  average  brighmess  of  die 
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diqdiy.  Each  lamp  has  a  igarate  switch  control  in  the  power  nyply  that  is  controlled  by  the 
tcqnaicfaigofttievidcoAivectectgoiuCTiotte  &i  tins  mniner,  the  exact  timi-onpoatt  and 

of  on-time  for  eadi  lamp  is  externally  oootroDed  in  xdation  to  die  odter  sequencing. 

Tim  Qrpes  of  ihioiescent  lanqis  used  are  reflector  types  purchased  inider  a  sifocontiact  from 
GTE.  These  lamps  have  interul  reflective  coatings  between  die  bulb  wan  ttid  the  phoqphor 
coating.  A  narrow  slit  runs  tengdiwise  along  the  bulb  to  create  an  exit  port  for  the  li^t  TUsexit 
port  1ms  a  {dxN^ihor  coating  in  the  reflector  bulb  but  is  left  dear  for  foe  i^iertnre  lamp.  Thesehunps 
are  sli^y  less  efiBciott  dian  nonmal  fluorescent  Iannis  due  to  dieir  smaU  diamreers  and  Ugh 
currents,  but  the  narrow  beam  Hglit  output  characteristics  make  diem  ideal  for  diis  application. 

A  sinqile  difittser  was  die  original  tedmique  planned  to  be  used  to  distribine  foe 
eventytodieiearofdieljCDassenddy.  It  is  recognized  dut  some  tari^ttness  and  uniformity  of 
the  diqilay  is  lost,  but  die  cost  of  the  opdcs  for  this  stqi  verses  foe  qualitative  results  dT  the 
displayed  pattern  was  of  primary  concern . 

The  opendon  of  the  Add-sequential  cdor  system  is  iUustrated  in  Hg.  20.  Foratypical 
horizontal  interlaced  30  Aames/sec  video  source,  six  color  Aelds  are  created.  There  is  one  odd  and 
one  even  Aeld  for  each  primary  color  called  Ro,  Go,  Bo,  Re,  Ge,  and  Be,  as  showiL  These 
agnab  are  electroidcally  stored  in  foe  di^lay  electronics,  reformatted,  and  loaded  into  the  diqday. 
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Figure  20.  Video  and  Backlight  Sequencing. 
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EacfaLG:>odlisacqiadiDraiidstORsiitfoniiatiGoasaduBfeindiatoeslL  AUKMS^dus 
chaige  win  leak  off  eventiutty.  at  nonnal  fidd  cyde  timo,  <dd  mficnnatkm  win 
over  written  by  new  infiormadon  similar  to  a  dyiumaicmeox^  Hik  means  diere  wiU  be  a 
boundary  moving  down  die  disiday  widi  previous  odor  infiocmation  on  one  side  and  new  color 
informadon  on  the  other  side.  Because  of  die  slow  reqMosedme  of  the  Ikpiid  crystal  material,  dus 
will  not  be  a  sharp  line  of  demarcatum.  but  a  band  of  an  indeterminate  state. 

The  color  lais|is  are  sequenced  in  die  same  R-G-B  order  and  are  phased,  so  that  the  liquid 
crystal  material  has  time  to  qiproadi  steady-state  CQiididoo  following  each  video  dbange. 

liquid  crystal  displays  require  ac  pixel  voltages  to  prevent  image  retendon.  In  dus  system, 
the  phase  of  the  data  is  reversed  every  other  hocizantal  line.  For  a  given  horuontal  line  and  at^ 
given  color  field,  the  fondamental  repeat  pattern  for  a  sdll  image  will  be  at  IS  Hz.  Thisis 
illustrated  in  Hg.  21. 
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Figure  21.  Video  and  Backlight  Sequencing. 


Any  ambient  light  diat  passes  duDugh  the  display  and  diffuser,  could  be  reflected  out  of  the 
backlight  housing  along  widi  the  desired  color  li^  coming  ffom  selected  fluorescent  lanqts.  This 
wiU  cosTupt  the  correct  color  of  the  display.  InthecaseQfavriiiteand)iaitli^t,thiswill 
desaturate  die  desired  color.  To  imnitnize  diis,  die  backlight  interior  suifaoes  are  painted  a  flat 
black.  The  phosphor  coatings  of  the  fluorescent  lanqis  reflect  white  light  Tomiiiimizediis,the 
lamps  could  be  sleeved  in  a  color  filter  that  is  matched  to  the  qiecttal  output  color  of  die 
ctxie^nding  lamp. 

2 .  Lamp  Characteristics 

A  fluotescoit  lanp  produces  an  energy  transfer  from  elections  accelerated  through  an 
electric  field  to  a  low  pressure  meicuiy  plasma.  About  60  percent  of  the  iiput  energy  is  omvemed 
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totecnnwkwoflJVlightatawivelength<rf2537  A.  The  inner  surface  cf  die  laiop  is  coated 
with  phoqphors  selected  to  transfocm  the  2S37-Ali^doiwi  to  die  desizedootorli^  Agiven 
piio^>horcanoidyri>iori)andconvwtoiaefidvitihJelighttdcctiDinagnrticia<hatioowidMna 
^edficwavekagdi  range  at  an  efficiency  of  about  45  percent  In  addition,  there  is  a  bulb  and 
phoqdxxs  abenepdon  loss  of  about  15  percent'^  Couple  dieae^Bdencieswidi  die  average 
luminous  efficiency  for  a  vrfute  fluorescent  light  of  about  57  percent  and  the  resultant  naarimnm 
luminous  efficiency  (rf  680  himens/W  for  5550-Ali|^  is  reduced  to  about  88  famieas/W.  The 
small  diameter,  shoft  laigth  qienure  and  reflector  style  lamps  are  less  effident  dian  dus  and  are 
rated  at  60  Inmens/W  in  a  continuously  operating  mode.^ 

The  process  that  produces  the  inidal  electrons  is  inponant  to  die  lancp  efficiency  and  life. 
There  are  two  types  of  electron  emission  used  in  present  commercial  ac  lamp  operation,  dicnniooic 
emisskm  or  hot  cadiode  and  c(dd  cathode.  The  hoc  cathode  has  a  life  mqiectancy  of 5000  to  15000 
hours  while  the  edd  cathode  has  a  life  of  10,000  to  20,000  hours.  The  hot  cathode  has  a  “cathode 
fell**  potential,  vrfuch  is  part  of  the  cathode  loss  factors,  of  12-15  V  trfiile  the  value  for  die  cold 
cathode  is  120-150  V.  Although  the  edd  cathode  laxxps  are  known  ferdieir  long  life,  ability  to 
tolerate  high  peak  currents,  short  duty  cycles,  and  have  a  large  dimming  range,^  diey  are  not 
desirabte  in  this  Implication.  This  is  because  a  long  unlit  area  at  die  ends  of  die  tubes  and  die 

higher  starting  vdtage  required  to  strike  die  plasma.^^ 

Tte  color-sequential  system  requires  a  pulse-type  mode  of  operation  diat  also  infers  the 
need  for  a  hot  cathode  because  of  the  operating  speeds  needed.  This  ctmtinnoos  heater  power  will 
decrease  the  efficiency  value.  A  heater  element  is  required  at  each  end  of  die  lamp  for  bidirectional 
cunent  flow  to  prevent  mercury  migraticn  within  the  lamp.  Some  form  of  alternate  end  beating 
and  tperarion  is  required  to  minimize  this  energy  loss.  These  heaters  consume  1 W  eadu 

Dimming  <rf  flucuescent  light  sources  can  be  accomidished  eidier  by  controlling  die  cunent 
to  the  lanp  or  by  controlling  the  duty  cycle  of  die  drive  signal  when  die  lanop  is  operating  in  a  pulse 
mode. 

Varying  a  lanp  current  from  1  to  100  mA  should  give  a  dimming  range  (rf  just  under 
1000:1  as  shown  in  Hg.  22.  The  data  for  this  figure  were  taken  fiom  a  yellow-grem  fluorescent 
lamp  and  show  diat  die  additional  dimming  range  for  a  4000:1  rado  can  be  obtained  by  controlling 
die  duty  cycle  of  the  lanp. 
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Figure  22.  Lamp  Dimming  Range. 


Because  of  the  cost  restnints.  we  used  die  lanq>  oootrol  uiuts  annulid)k  from  die  laznp 
manufinctaier.  These  baUastumts  were  restricted  tt>  the  lOO-mA  peak  level  of  opefation  and  had  no 
means  of  cnnent  control  Measurements  (tf  die  actual  beddi^  brightness  levels  with  the  LCD, 
vriuk  operating  in  die  ptdse  mode,  are  listed  in  TaUe  8. 

TABLE  8.  Backlight  Luminance  Meaaarements 


Oaori* 

OM«n 

*4. 

H. 

ISn 

14. 

0iar<ii«*>2K 

14. 

Ol*r«l«l»>40K 

H. 

Duvqtdva** 

Otfir(|Wi-iC0K 

_1 _ 

151 

5 

31:1 

235 

16 

15:1 

623 

BacklgM  plus  display  in  whit*  IMd  LCDTransmMon-  15% 


The  color  gamut  of  the  baddi^t  is  shown  in  Rg.  23  on  a  ClEdiromaticily  diagram.  The 
meamredcoonfinates  are  listed  in  Table  9.  This  covets  a  larger  area  than  is  possible  widi  die 
presendy  availaUe  color  filters. 
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TABLE  9.  CIE  Lamp  Coordinates 


Coordinate 

Red 

Green 

Blue 

R-t-G-t-B 

X 

0.6015 

0.2579 

0.1556 

0.2903 

y 

0.3397 

0.6475 

0.1114 

0.3171 

u' 

0.4096 

0.1006 

0.1546 

0.1865 

v' 

0.5206 

0.5683 

0.2491 

0.4585 
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3 .  DifAiser  Characterittics 

A  ooaanon  Qrpe  of  ofnksoem  plastk  diffuser  was  origiiiany  planned  to  be  used  in  Ais 
hacklighr,  Thu^peofdiffiiaerhadafoodlatBndanifonxBtyandgeaenllyfaveaLainbefiian 
disaibution  of  intensity  as  a  functioo(tfan^  ljtteinthepn)giani.sainples  of  aqiecialRotani 
Haas*^  diffuser  wereieceived.  Hgure  24  shows  the  preluninaiy  test  results  c^aained  from  diese 
samples. 
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Figure  24.  Diffuser  Plots. 

Couqtared  to  die  average  luminance  output  oi  die  lanqis  along  the  horizmtal  axis,  die 
Rohin-Hass  has  veiy  little  attenuation  \^e  the  oidinaiy  jdastic  diffuser  had  an  attenuatkm  of 
about  20  pexcoit 

A  more  sophisticated  hdognphicdffuser  was  also  studied  fear  this  program.  The 
advantage  of  tins  diffuser  is  diat  it  can  scatter  collimated  light  into  a  beam  having  a  well  defined 
angular  distributkm  widi  negligible  absorptum.  Its  disadvantages  are  its  high  cost  and  peifonnance 
that  is  strcmgly  dependrot  on  wavelength. 

We  had  a  free  sample  of  a  I^ysical  Optics  diffuser  that  provided  diffusion  in  only  (xie  axis. 
Hgure  25  shows  a  ctunpaiison  between  the  sanqile  of  this  type  of  diffuser  that  we  had  and  die 
Rdbm-Haas  diffuser.  The  Hiysical  Optics  diffiiser  showed  no  significant  advantage  over  die 
Rohm-Hass  diffuser  especially  since  the  costs  of  the  Rohm-Hass  diffuser  is  on  die  older  of  the 
ofdinary  plastic  diffuser. 
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Figure  26.  Backlight  Uniformity. 
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4.  Ditptoy  Brightacst 

Hfore  27  it  a  sdiedttle  of  die  levels  and  lotaes  tlnm^  the  oolor  sequeatial  display 

syAem.  The  ifMAue  or  reflector  lanaps  have  a  back  lofitoot  nab  of  about  8:1.  Thisreflective 
praperty  of  die  lampt  will  oonoenirttB  about  60  pereent  of  die  li|^  flux  to  the  duecdon  of  die 
di^ilay. 


Figure  27.  Light  Level  Schedule. 

Ptesendy,  die  reflector  and  diffuser  lossK  give  an  optical  efBckncy  of  only  about  30 
percent  An  optiniizationprognun  to  mmimize  the  diffuser  losses  and  to  improve  die  reflector 
could  douUedds  efficiency  to  about  60  percent  LateindiepiDgirantalaigeffeesanqilettfdie 
Rirfun-Haas  diffuser  was  received  duu  we  were  able  to  mount  into  the  bezel  of  die  baddiglit 

The  present  LCD  assemblies  have  transmisaon  efficiencies  of  about  2  percmit  due  to  die 
color  filter,  polarizers,  glass,  and  cm-glass  circuits.  The  more  efiBcient  Wiight-Patterson  pixd 
transmits  about  3  percent  dirough  a  90  percent  qieiture  pixel  h^out  and  reduced  pixel  electrode 
transmission  losses.  By  eliminating  die  color  filter,  diis  efficiency  will  increase  by  an  addidonal 
factorofS.  This  should  give  a  transmisskm  efificioicy  of  about  15  percent  When  the  di^lay  is 
optimized  through  reduced  light  valve  losses,  this  effidoicy  could  be  increased  even  further.  This 
would  lead  to  an  cqitimized  transmission  ftetor  of  at  least  20  percoit 

Based  on  dus  analysis,  a  nrinimum  brightness  level  of  about  200  £L  was  eiqiected  ffexn  diis 
di^lay  system.  A  continuous  noodectfoperatimi  is  also  possible  wtereaU  die  lamps  are  tunredtm 
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topradnoealriglitwUieH^  The  luniinescenoe  levels  are  listed  in  ilie  figure  aod  show  a 
matdninn  iKBcdcal  bnghtiiess  le^ 

Actual  mettureoientt  are  also  shown  in  Hf.  27  and  diQw  a  lower  lununaDoe  than  saqwcied 
for  the  pube  mode  opcnudon  due  to  a  smaller  duty  cycle,  but  a  larger  hnniremce  levd  in  the 
oontinnoin  mode  of  openticML 

5.  Color  Sequential  Timing 

A  three-lamp  color-sequential  experimental  unit  was  assentoled  early  in  the  program  in 
order  to  study  fids  oonoc]^  This  multilanqtilhmdnator,  used  lO-mmUue  and  green  off-the-shdf 
commercially  available  fluorescent  lanqw  and  a  red  neoo  lamp.  A  2-x2>in  LCD  was  assembled 
without  a  color  filter.  Hguie  28  shows  the  timing  rdadonriiips  between  the  fiireecopqwoeot  video 
signals,  the  fixing  points  and  time  for  each  lanq),  and  file  detected  li^tfiom  each  lanq).  This 
timing  sequence  produced  the  best  full-field  cdor  bar  pattern  across  a  nanow  band  in  die  center  of 
thediqday.  This  patteni  included  areas  of  white,  ydkw,  cyan,  and  magenta  demonstrating  file 
proper  temporal  mixing  of  the  color  lights  by  the  eye. 
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Figure  28.  Color  Sequential  Experiment. 

The  final  color-sequential  backlight  showed  fids  same  tenqxxal  delay  between  die  loading 
a  particular  color  video  infiirmadon  and  the  firing  of  die  corresponding  color  lanqis.  Thisdelay 
is  due  to  the  time  constant  of  the  liquid  crystal  material  to  react  to  the  dianging  electric  fi^  Hus 
delay  in  the  firing  of  die  aqnaoptiate  lamps  tdadve  to  die  color  infixmadon  is  not  a  proUon  since 
the  system  can  be  set  up  to  c^ierate  widi  these  fixed  delays. 
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Seipieacaig  duou^  three  soccesswe  diffmitt  color  video  fidds  lewlts  in  a 
hmfe.  When  an  LCD  is  sequenced  duooi^e  series  of  kkatical  video  fields,  die  liquid  crystal 
alignment  can  bnfldto  a  final  correct  steady  stale  and  overcome  die  time  ooMOBitdday.  DisKxtion 
to  die  liqiiid  crystal  cell  vohage  due  to  the  changing  dklectric  oonstam  of  the  liquid  crystal  material 
as  its  aUgnmemdumges  is  also  overcome  widi  the  repeating  fiddinfonnadon.  Die  sequencing 
dififerent  cokr  fields  does  not  allcyw  for  this  integration  tot  correct  contrast  level,  and  incorrect 
color  fight  will  leak  through  the  diqriay  and  cause  a  desatoradon  of  the  deriied  color. 

Die  piimaiy  cause  of  color  distottiflo  in  the  o(dcr>sequential  system,  is  due  10  die  phoqihor 
decay  in  the  fluorescent  lamps.  DiisisillttstratedinHg.29.  Dnsissnideafiaedatuatianwliereit 
is  assumed  dutt  die  liquid  crystal  fight  shutter  is  perfect,  and  die  cdor  information  is  aligned  widi 
the  corresponding  color  hunp. 
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Figure  29.  Color-Sequent  Phosphor  Emisston. 

When  the  fluorescent  lanqis  ate  extinguished,  tlte  pho^hor  coating  in  die  lamps  will 
continue  to  phosphoresce.  In  die  case  of  the  blue  lamps,  dus  continued  emisrioa  is  in  die 
microseconds  and  is  negligible.  Die  red  lanqis  have  a  time  constant  around  1  ms,  and  the  green 
lamps  have  a  time  ocmstant  of  about  3.5  ms.  Dos  ccmtinued  mission  nois  into  the  shattered  time 
for  the  odier  cdors  and  contaminates  diem.  Diis  contaminatkm  is  listed  in  the  top  table  crfFig.  29 
and  riiows  that  red  will  have  some  green  inpurity,  green  would  have  some  red  inpuri^,  and  Une 
would  have  a  large  amount  of  green  corruption. 
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tf  die  three  sm  ci  color  laiops  where  adjusted  and  normalized  for  the  best  udiite,  the  oofor 
diqtlay  would  have  the  leds  reduced  by  percent  and  the  greens  by  28  percent  This  would  give 
the  diqday  foe  best  black  and  vdute  images  but  the  color  images  would  tend  to  look  Unish. 
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6.  SILICON  TRANSFER  PROGRAM  SUMMARY 


Funcdooal  single-crystal  silicon  192  x  192  transmissive  AMLCDs  have  been  demonstiaied. 
The  23-x  2.S-in  display  with  integrated  scan  and  drive  functions  was  fabricated  in  a  diin-fikn  x-Si 
siHctm-on-insolator  (SOI)  wafer  using  standard  IC  jnocessing  and  subsequrady  transfened  to 
glass.  C^cmqwriscm  of  device  characteristics  pie- and  p(»ttransfer  shows  that  no  degradation 
device  perfonnance  or  introduction  of  defects  is  associated  with  this  process.  Measured  device 
characteristics  such  as  leakage  current,  transamductance,  aitd  qteed  are  as  etqtected  for  single¬ 
crystal  siUcon.  Twisted  nematic  AMLCDs  were  assembled  wididtis  circuit  using  conventional 
techniques.  This  work  focused  cm  the  use  of  x-Si  because  of  dte  advantages  discussed. 

However,  die  same  technique  could  be  used  to  fabricate  displays  using  amoii^ous  or  poly-Si. 

Thin  fLms  of  x-Si  formed  by  other  techniques,  such  as  oxygen  inplantadon  (SIMOX)  or  wafa 
bonding,  could  also  be  used  for  AMLCDfabricadoiL  The  192  x  192  AMLCIDs  fabricated  with 
transfer  silicon  show  excellent  omtiast  ratio  and  picture  quality.  The  speed,  bw  leakage  current, 
and  hij^  drive  capability  of  single-crystal  silicon  devices  should  allow  the  fabrication  of  di^lays 
with  integrated  system-level  peripheral  dicuitxy,  high  pixel  density,  and  improved  contrast  and 
c^cal  aperture  ratios. 

6.1.  INTRODUCTION 

The  conventional  iqipioach  to  AMLCDs  relies  on  die  fabricatkm  of  circuitry  in  thin  layers 
of  amorphous  or  polycrystaUine  silictxi  deposited  rm  glass  or  quartz  substrates.  These  substrates 
provide  the  optical  tran^aiency  necessary  for  transmissive  di^lays  but  the  quality  of  the  deposited 
silioHi  films  limits  circuit  perfonnance.  The  speed,  low-leakage  current,  and  high-drive  capability 
of  single-crystal  silicon  (x-Si)  devices  should  allow  the  fabrication  of  high  density  displays  with 
inqnoved  contrast  and  r^tical  aperture  ratios  and  integrated  system-level  peripheral  circuitry. 
HowevCT,  no  technique  has  yet  been  developed  to  attain  single-crystal  quality  silicon  directly 
deposited  in  thin-film  form  on  glass  or  quartz  substrates. 

Under  this  program,  an  tqipioach  for  die  fabrication  of  transmissive  AMLCDs  that  allows 
circuitry  tt>  first  be  fabricated  in  thin-film  x-Si,  using  standard  IC  processing,  and  subsequendy 
placed  (»  glass  has  been  dononstrated.  A  fimctitxial  numochmne  192  x  192  AMLCD  with 
integrated  drive  and  scan  circuitry  has  been  fabricated  using  this  techiuque.  While  a  transfer 
techitique  has  been  used  to  prepare  a  poly-Si  display  on  glass,^^  this  work  denoonstraies  die  first 
transmissive  AMLCD  framed  from  x-Si. 
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6.2.  THIN-FILM  x-Si  MATERIALS 


The  starting  material  for  circuit  processing  was  tfain-film  x-Si  prepared  the  Isdated 
Silicon  Epitaxy  (ISE*™)  process.^^  In  this  process  a  dun  film  of  x-Si  is  formed  (»  an  oxidized  Si 
wafer  (silicon-on-insulator  material).  As  illustrated  in  Hg.  30,  an  oxide  layer  is  formed  on  the 
surface  of  a  standard  single-crystal  silicon  wafer  except  for  a  small  area  near  die  edge  of  the  wafer. 
The  wafer  is  then  coated  with  vapor  deposited  poly-Si  and  encapsulated  with  an  oxide  cap  layer. 
The  wafer  is  then  uniformly  heated  to  a  bias  temperanue  and  scanned  with  a  hot  filament  to 
directionally  recrystallize  die  poly-Si  layer  using  the  original  Si  wafer  as  a  seed  to  fonn  a  thin  x-Si 
film  (XI  the  buried  oxide.  The  x-Si  layer  formed  in  diis  fashion  has  electronic  properties 
ctMi^arable  to  a  silicon  wafer  used  for  standard  IC  fabrication.^^ 


Isolated  Silicon  Epitaxy 


Polysilicon  — ► 
Oxi(ie  - ► 


Strip  Heater 


Figure  30.  Silicon-on-Insulator  Materials  Fabrication  Process. 
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After  renx>val  of  the  cq>  layer,  dicuitiy  can  be  formed  in  die  dun  x-Si  layer  using  standard 
imegmed  dicuit  (IQ  processes  and  equipment.  The  propenies  of  die  buried  ofxide  layer  can  be 
used  to  facilitate  ronoval  of  die  x>Si  layer,  containing  the  int^rated  ciicoit,  fiom  die  orijinal  Si 
water  substrate. 

6.3.  DISPLAY  FABRICATION 

The  display  circuit  used  for  diis  demonstratkm  contained  a  192  X 192  pixel  active  matrix 
with  integrated  drive  and  scan  functions.  This  dicuit  design  and  layout  had  beoi  developed  for  a 
polycrystalline  silicon  display.^  The  circuit  processing  sequence  is  illustrated  in  Hg.  31.  The 
thin-film  x-Si  layer  of  the  4-in-diaiiieter  starting  wafer  was  0.3  ^  thick  on  a  l-pm-thick  buried 
oxide  layer.  The  x-Si  film  was  patterned  using  a  dry  etch  technique  to  form  Si  islands  that  were 
thermally  oxidized  to  form  a  TO-nm-thick  gate  oxkie.  Bormi  and  pho^horus  were  imfdanted  into 
the  Si  islands  for  threshold  voltage  control  of  the  n-  and  p-channel  MOS  transistors.  A  layer  of 
LPCVD  poly  silicon  was  then  deposited  at  56(PC  to  a  tiiickness  of  0 J  pm  and  patterned  to  form  tiie 
transistor  gates.  Pho^horous  and  boron  implants  were  used  to  dope  the  source/drain  regions  and 
an  APCVD  Boron-Phosphorus-Silicon-Glass  (BI^G)  was  dqiosited  over  die  surface  to  form  die 
interlayer  dielectric.  The  wafers  were  then  heated  to  SSCPC  for  20  minutes  to  flow  die  BPSG  and 
activate  the  implants,  contact  vias  were  opened  in  die  glass  and  reflowed,  and  aluminum  metal  was 
dqiorited  and  defined  to  form  the  interctmnectpatteriL  A  sihcoo  nitride  layer  was  dqiosited  over 
the  surface  of  the  wafers  prior  to  4S0^C  ccmtact  Entering.  After  amy  processing  die  wafers,  some 
of  die  earlier  wafers  were  neutron  irrarfiated  in  order  to  minimize  effects  associated  with  the  high 
carrier  lifetime  in  the  x-Si  film.  After  a  circuit  redesign  to  add  substrate  ties,  the  neutron  irradiation 
was  eliminated  fiom  the  process. 

A  unique  feature  of  diis  display  is  diat  tl»  pixel  electrodes  are  fnmed  fiom  iirqilanted  x-Si, 
not  pdy-Si  or  UO,  resulting  in  a  sitrqilified  process  scheme.  The  x-Si  layer  has  tqiprmcimatdy 
four  times  the  optical  transparency  of  poly-Si  films  of  equivalent  diickness.^^ 
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Singl*  Crystal^^on  Film 


Bulk  SlUeon  Substrate 


Silicon  istends  (Channoi  implants) 


Sourea/Oraln  Implants 


Aluminum  interconnect  Metallization 


Figure  31.  Transistor  Array  Fabrication  Sequence. 
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After  circuit  processing,  the  2.5-  x  2.S-in  integrated  active  matrix  display  dicuit  was 
removed  from  the  silicon  substrate  and  permanently  bonded  to  glass  using  a  thin  layer  of  adhesive 
as  shown  schematically  in  Fig.  32.  Both  0>tning  7059  and  Hoya  NA-40  glass  were  used.  As  a 
consequence  of  the  transfer  process,  the  original  top  surface  of  the  circuit  is  placed  adjacent  to  the 
glass  and  die  back  side  of  the  circuit  is  exposed.  Photolithographic  processing  is  used  post¬ 
transfer  to  expose  the  input  contacts.  The  x-Si  circuit  is  then  put  throu^  a  final  test  and  laser 
repair  procedure,  normally  done  to  the  equivalent  pcdy-Si  circuits.  These  tests  showed  diat  die 
transfer  process  did  not  significandy  increase  d»  number  of  defects. 


ICs 


3.  Mount  on  Glass 


Figure  32.  Silicon  Display  Tranter  Process. 
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Prooessmg  of  die  s^ass-mounted  x-^i  actbe  matrix  cncuk  to  make  a  twisted  nemttic  IXD 
was  acoooplislied  duoogh  aandaid  teclmiques.  A  pretmidizedpotyiiiiide  was  used  as  the  liquid 
aystal  alignment  layer.  This  was  tubbed  in  the  oooventioaal  manner,  resuhiog  in  about  a  2** 
Uastilt  S|dicrical  spacers  were  used  to  maintain  a  nominal  6-iim  cell  gap,  and  heat  curing  gioxy 
was  used  to  achieve  the  perimeter  seal  The  cell  was  filled  widilkpud  crystal  by  vacuum  filling. 
Polarizers  were  then  applied  to  malce  a  normally  fari^it,  drive-to-daik  diqriay. 

A  schematic  cross-sectkm  of  the  assemUed  diq^y  is  shown  in  Hg.  33.  No  significant 
changes  were  required  to  assemble  the  transmissive  x-Si  diqilay.  Cell  gap  nmfbnmty,  seal 
integrity,  and  alignment  stability  compared  fitvoraldy  with  standard  active  matrix  cells. 


Glass  Top  Plats 


,1  I'iii  II  I'liyi  IJIM  n  I  III  ,  II  ii.ii  UPiii%i4!.t!!.!.U^yii.iii  iJUJiiijiJJjiU  i-'yi' '  jw  iii  i  ijiiii  i  ii  ii  i  ii  u., 

Msimisi  \ 

- S - ii - — ^-4  * 


Glass  Substrate 


Figure  33.  Cross-Section  of  Transferred  and  Assembled  AMLCD. 


6.4.  x-Si-ON-GLASS  DEVICE  CHARACTERISTICS 

The  x-Si  uoay  fabricatkm  and  circuit  transfer  processes  were  evaluated  based  on  the 
electrical  characteristics  of  n- and  p>  channel  tiansistocs.  Rgure  34  rinws  typical  n-channel 
subthreshdddiaractetistics  after  x-Si  layer  transfer  to  glass.  The  characteristics  b^ote  and  after 
transfer  were  essentially  die  same.  This  is  a  single  gate  device  having  a  gate  lengdi  rtf' 6  pm  and 
gate  widdi  of  10  pm.  The  miniriiom  leakage  current  is  0.06  pA^im.  The  extnqxilated  threshdd 
vtdtage  for  the  n-chaimel  device  is  2.0  V,  and  die  low  field  mobility  is  467  aniVV-s.  The  p- 
channd  device  characteristics  were  similar  to  those  of  die  n-channd  device.  The  direshold  voltage 
and  low  field  mobility  are,  respectively,  -U  V  and  19S  cm?/V-s.  Using  the  same  size  devices, 
inverter  stage  delays  have  been  measured  yidding  a  stage  delay  of  7  J  ns  at  V^d  ~  5.0  Vm  2.0  ns 
atVdd- 10  V,and  1.6nsat  Vdii*  15  V.  The  ddays  were  essentially  die  same  b^ore  and  after 
transfer  to  glass.  For  ccxnparison,  typical  parameters  for  low  tenqierature  polysiliccm  devices  are 
Pn  =  1^  =  20  cm2/V-s,  VTn  =  VTJp  =  VTp  *  +5  V,  and  r  «  50=1-  n  s  at  Vjd  =  15  V. 
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Figure  34.  N-Channel  Transistor  Subthreshold  Characteristics. 


A  problem  witfi  using  X'Si  devices  for  di^lays  is  the  neoessi^  forilie  devices  to  openie  at 
voltages  above  10  V.  Unfortanatdy,  x-Si  SOI  devices  usually  have  a  floating  substme  r^ioa 
under  dw  transistor  channel  and  this  legkm  acts  as  a  floating  base  of  a  bipolar  nansisiQr.  The 
breakdown  vcdtage  of  a  floating  base  bqxdar  transistor  is  approximately  6-7  V,  which  causes 
problems  fcK’ device  (^relation  in  LCDs.  Since  we  were  anxious  to  prove  out  the  transfer  process 
for  fabricating  LCDs  it  was  decided  to  use  neutron  inadiatioo  for  fee  cotqJe  of  lots,  hxadiationof 
silicon  widi  neutrons  is  known  to  beta  of  Inpdar  transistors  and,  dierefore,  increase  the  breakdown 
(rf  die  SOI  floating  substrate  MOS  transistors.  Hguie  35  shows  the  breakdown  voltage  of  n- 
channel  MOS/SOI  transistors  as  a  function  of  neutron  irradiatkm  dose.  As  seen  finm  die  figure, 
die  voltage  was  increased  fiom  an  initial  of  abcxit  to  6-7  V  to  about  13  V  for  a  gate  kngdi  of  10 
pm,  which  is  die  length  used  in  the  192  design.  There  was  also  an  increase  in  leakage  cunent  after 
inadiation,  but  we  were  aide  to  reduce  it  by  dcnng  a  postinadiation  anneaL 


52 


Figure  35.  Effea  qf  Neutron  Irradiation  on  Device  Breakdown  Voltage. 

bi  die  xedesign  of  ifae  192  amiy,  substrate  ties  and  gate  stnictnies  were  added  to 

tfaedesign.  Measured  data  iiidk»e  that  the  breakdown  voltage  can  be  increased  to  about  12  V  for 
6iim  gate  length  devices.  With  multiple  gates  die  breakdown  can  be  increased  by  about  6  V  for 
each  gate  added.  A  dual  gate  device,  for  instance,  breaks  down  at  about  12  Vwhde  a  triple  gate 
device  breaks  down  at  about  18  V.  In  order  to  achieve  operating  voltages  above  12  V,thetefDie,  it 
is  necessary  to  use  multiple  gate  structures.  Additional  techniques  sudi  as  li|^dy  doped  drains  can 
also  be  used  to  increase  die  breakdown  voltage  but  they  require  process  development  In 
sunomary,  the  redesigned  192  array  was  able  to  tolerate  at  appn»imalely  12>13  V,  whidi  was 
sufBcient  to  achieve  di^lays  widi  contrast  ratios  >  SO. 

6.5.  AMLCD  CHARACTERIZATION 

Figure  36  shows  the  operation  of  the  world’s  first  single-crystal  silicon  transmissive 
AMLCD.  A  diedcetboard  pattern  is  shown  in  the  upper  photograi^  and  an  all  Mack  pattern  in  the 
lower.  This  first  di^lay  has  greater  than  85  percoit  pixel  functicRiality.  One  of  eight  shift 
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roisters  ^  not  openue  property  making  die  left-most  24  c(duimsiiiopenbie.  Several  disotie 
pixels,  mosdy  near  the  right  side  of  the  display,  were  also  inopendde.  The  pixel  opens  are 
bdievtd  to  be  due  to  over  etdiing  of  the  transistor  otxitacts  during  am^  processing  and  not  due  to 
eidier  die  x-Sidicuit  transfer  process  or  the  LC  assembly.  The  measured  contrast  ratio  for  dns 
diqilay.  trtuch  does  not  ccmtain  a  black  matrix,  is  4.7:1  using  a  pixel  voltage  of  4.8-V  RMS.  The 
cakmlaied  contrast  ratio  that  would  have  resulted  using  a  Mack  matrix  is  20:1.  Thedi^yis 
normally  operated  at  180  frames^  and  a  data  clock  rate  of  1  MHz.  The  di^lay  also  operates  at 
die  maximnm  data  dock  frequency,  which  the  drive  electronics  can  generate.  This  maximum 
frequency  of  5.5  MHz  produces  a  frame  rate  of 270  frames/sec.  This  diqilay  was  assembled  from 
the  first  lot  (tf  x-Si  wafers  and  used  neutixm  inadiatkn  to  achieve  an  operating  vdtage  of  12  V. 

Hgure  37  showsadi^lay  fixxn  die  thixd  and  final  lot  df  processed  x-Si  SOI  wafers.  Hus 
di^day  was  fabricated  using  the  modified  mask  set  duu  contained  body  ties  and  muh^  gate 
structures.  No  neutron  irradiation  was  used  to  fabricate  diis  diqilay.  As  seen  from  die  figure, 
diere  are  no  inoperalde  registers  in  eidier  the  data  or  select  circuitiy  and  very  few  pixel  defects. 

This  diq^lay  was  assembled  using  cokv  filters  and  is  availalde  for  demonstration  at  the  Saraoff. 

Hgure  38  shows  micrographs  of  two  differmt  pixel  arrays.  The  top  mictogrqph  a 
standard  poly-Si  AMLQ3  pixel  shows  that  disclinations  (bright  curved  lines)  form  along  die  left 
side  of  the  select  lines.  The  disclinations  are  believed  to  be  due  to  die  interaction  of  die  non  planar 
surftoe  and  the  electric  field  adjacent  to  die  select  lines.  They  occur  along  one  rtde  of  die  sdect  line 
in  the  direction  of  the  alignment  layer  rubbing.  When  very  small  pixels  are  used  in  an  LCD.  the 
bright  disclinations  are  a  significant  ctmtribudon  to  areducdon  in  contrast  ratio.  The  lower  figure 
shows  die  saine**all  black”  pattern  on  the  single  crystal  transferred  displ^.  No  disclinations  are 
observed.  The  elimination  of  the  disclinations  is  believed  to  be  due  to  the  planer  surfiax  over  the 
select  lines. 
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Figure  36.  Photograph  of  World’s  First  Silicon  Transfer  AMLCD. 
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